To place constraints on the observability and properties of the lithosphere-asthenosphere boundary (LAB), we sought SH precursors to sS from earthquakes beneath the Philippine Sea Plate. As a result, a discontinuity with a velocity reduction downwards could be detected at depths of 50-70 km across the Philippine Sea by using both an array method and seismic imaging technique, in the frequency band of 0.01-0.3 Hz. The lateral coherence and amplitude ratio relative to sS provide constraints on possible mechanisms by which the discontinuity arises. The amplitude ratios, though scattered, suggest minimum shear wave contrasts of −5.8 per cent. The change in depth of the discontinuity along the profile does not suggest a thermal origin of the signal. The lateral variation of the discontinuity depth indicates that it is neither a solid-solid phase transition nor a thermally mediated change in rheological fabric of the plate. We find that the depths and discontinuity properties agree with previously reported properties of the LAB in the Philippine Sea Plate attributed to melt presence, between 0.01 and 7 vol. per cent.
I N T RO D U C T I O N
Plate tectonics is built upon the idealization of a plate: a rigid object that dominantly interacts with neighbouring plates at its lateral edge. Plate margins are typically defined by seismicity or by geodetically defined displacement gradients indicating relative motion. The top of a plate is the rock/air or rock/water interface. The bottom is harder to identify. Thermal models of plates recognize the mathematical fiction of an asymptotic plate thickness under which the temperature of the mantle never changes (Parsons & Sclater 1977; Stein & Stein 1992 ). Rheological models of plates recognize a limiting depth below which seismicity stops (Wiens & Stein 1983) , or a wave speed contour representing the short-term loading and unloading of a seismic strain pulse (Stein & Stein 1992) , or a thickness that represents the long-term flexural rigidity (Watts et al. 1980) .
More generically, the base of a plate may be defined as the lithosphere-asthenosphere boundary (LAB). This mechanical definition identifies the position below which a plate loses its long-term strength. Strength loss might or might not coincide with any one of the previous definitions. Which one does identifies the physical weakening process: temperature, loading timescale or change in constitution. Various seismic probes claim to detect the LAB, but few of the processes named so far necessarily impart a seismic signature. For example, a strength change might arise from an Arrhenius temperature dependence of a particular creep mechanism: whereas temperature and material constitution is continuous throughout, rheology is not. In itself, this would not yield a seismic signature, but concentration of deformational strain in the weaker material might impart an observable material fabric.
Most seismic studies of the LAB detect it using body waves, through S-P conversions or receiver function methods (Bock 1991; Kumar et al. 2005; Rychert et al. 2005; Kawakatsu et al. 2009 ) or underside reflections (Heit et al. 2010; Rychert & Shearer 2011) . This entails a sharp change in elastic properties in substantially less than a seismic wavelength, perhaps 3-10 km. However is this really a boundary corresponding to the long-term loss of mechanical strength? One way to assess this is to place strong observational constraints on the seismic characteristics of the boundary and to test them against predictions of the candidate processes. For example, plate age yields definite predictions of temperature at depth, making it possible to test the thermal nature of the signature. Consequently, we report here results from a study of underside reflections from the base of an oceanic plate-the Philippine Sea Plate-using earthquakes occurring under it in the subducted Pacific Plate. A distinct, regionally visible reflection occurs at depths of 50-70 km at a boundary that coincides with one reported in a recent receiver function study of the same plate (Kumar & Kawakatsu 2011) . A detailed analysis of the reflection depths indicates that the boundary is not a thermal signal of the aging plate. Rather, it appears compatible with the depth and properties of a previously reported discontinuity 660 T. Tonegawa and G. Helffrich (Zhao et al. 1994). beneath the Philippine Sea Plate attributed to the presence of melt (Kawakatsu et al. 2009 ).
DATA A N D M E T H O D S
To detect a discontinuity underneath the Philippine Sea Plate, we use precursors of sS (upgoing S-to-downgoing free-surface reflected S) recorded in teleseismic data that arise from underside reflections at seismic discontinuities below the ocean floor (Fig. 1) . We use deep earthquakes in the Izu-Bonin subduction zone to illuminate the base of the Philippine Sea Plate. This plate subducts northwestwards from the Sagami and Nankai Troughs below central and western Japan with a subduction velocity of 3-5 cm yr −1 ( Fig. 1b ; Seno et al. 1993) . The bounce points of underside reflections examined in this study are located in the Shikoku Basin, which is the central part of the Philippine Sea Plate. This region was active as a backarc spreading centre from 30 to 15 Ma (Okino et al. 1994 (Okino et al. , 1999 , and the extinct ridge is now subducting underneath Japan as a part of the Philippine Sea Plate.
Since several other phases potentially arrive in the time window prior to sS, we discriminate among them by precisely determining the slownesses and traveltimes of sS and its precursors. Here, we apply the phase-weighted stack (PWS) technique (Schimmel & Paulssen 1997) to detect the discontinuity-related signals and then make seismic images with autocorrelation functions (ACFs) to view the spatial coherence of the signal obtained by using PWS. The details of these methods are described below.
Velocity models at source and receiver sides
Seismic velocity structures at shallower depths between the land and ocean are considerably different; the typical thickness of the continental crust is ∼35 km, whereas the oceanic crust has a thickness of less than about 10 km. This potentially introduces significant differences in depth estimation of a seismic discontinuity. In par- Smith & Sandwell (1997) ; b White (1984) ; c Calculated with Vp/Vs of 1.796 (Iturrino et al. 2002) ; d Kodaira et al. (2002) ; e Kennett & Engdahl (1991) .
ticular, in our study, using deep earthquakes that occurred under the ocean, the traveltime of sS at shallower depths is presumably affected by velocity structures of both the source and receiver sides, whereas that of direct S depends on the structure at the receiver, generally continental. We therefore calculate the traveltime of sS phase by using the 1D IASP91 velocity model (Kennett & Engdahl 1991) for the receiver side and the oceanic velocity models (Table 1 , hereafter called 'ocean model') for source side. For the ocean model, we selected 6.27 km s −1 for P-wave velocity of the oceanic crust (White 1984) , and Vp/Vs of 1.796 that is obtained by from recovered ocean crust drill core materials (Iturrino et al. 2002) . The thickness of the oceanic crust, 7 km, is determined by the study of Kodaira et al. (2002) . We used the mantle velocity structure of the IASP91 at depths of 7-35 km (Table 1) , and IASP91 at depths greater than 35 km. As an example of the effect of the source-side velocity structure difference, the differential traveltime of sS-S between the IASP91 and the ocean model is ∼5.5 s for an epicentral distance of 80
• and a depth of 430 km. amplitudes (Table 2) . For event selection, in addition to requiring visible sS, a large amplitude of the S wave is also required to determine the event depth, as discussed in Section 2.1. This mainly depends on the focal mechanism. Moreover, we use relatively short period data, which contains the microseism frequency band (0.07-0.2 Hz; e.g. McNamara & Buland 2004) . We therefore manually selected the waveforms. The broad-band seismograms observed in Europe were obtained from the ORFEUS data centre (Fig. 2a) . The sampling rate of the seismograms is resampled to 20 Hz. Waveforms of the NS and EW components are rotated to the tangential component for isolating the SH component of sS. We applied a four pole, causal Butterworth bandpass filter of 0.01-0.3 Hz. The stacking process is achieved with reference to direct S-and sS-wave arrivals. Before stacking seismograms, we confirm slownesses and backazimuths of both direct S and sS by using an array analysis (see details in Tonegawa et al. (2009) ), because these phases could be out-of-plane arrivals due to interaction with the subducting Pacific plate. A station-array in Europe is constructed by using stations located within a radius of 4
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• from a position of 50
• E (Fig. 2a) . Linear stacking is conducted with respect to time, incident angle and incident backazimuth by using the absolute value of amplitude observed in transverse component. The traveltimes of S and sS propagating between the source and centre of the array in Europe are calculated by using IASP91 and the ocean model, respectively. The time window of the phases is from 0 to 15 s from theoretical arrival times for each phase at the centre of the array. The amount of time-shift for each waveform is determined by the location of station with respect to the centre of the array, incident angle and incident backazimuth. Fig. 3 shows the resulting linear stacks in slowness-slowness (p-p) domain for direct S (Fig. 3a) and sS (Fig. 3b) . The slownesses and backazimuths for both direct S and sS closely coincide with the theoretical predictions, implying that the effect of mantle heterogeneities including the subducting Pacific plate seems to be small for bending of the ray paths from the Izu-Bonin region to Europe, and, in the geometry used in this study, the PWS is capable of precisely estimating the properties of underside reflections. Here, the theoretical estimations for traveltime and slowness are calculated by using IASP91 for direct S wave, and the IASP91 at the receiver side and the ocean model at the source side for the sS phase. The event depth is relocated by using the differential traveltime between direct S and sS arrivals estimated by the PWS, as described below.
For the PWS, handpicked direct sS arrivals of the individual traces are aligned to 0 s. We calculate phase-weighted stacks with a power factor of 3. The calculation of the polarity-preserved stacks is achieved through a correction in which sS with negative polarity is reversed to positive polarity. This allows us to enhance signals of precursors of sS phase by constructive summation. Since a seismic discontinuity with a velocity decrease downwards, such as the LAB, generates an sdS phase with negative polarity with respect to sS, the information of the polarity would be useful for distinguishing the LAB from other signals. Fig. 4(a) shows an example of the waveforms that display the positive polarity of sS phases. Moreover, the differential traveltime between direct S and sS arrivals (the sS-S time) can also be estimated by the PWS, which is useful for event relocation. The large amplitudes of S and sS can be seen in Fig. 4(a) , which enables us to determine event depth. Calculating traveltimes for direct S and sS arrivals using both the IASP91 and the ocean model, the four deep earthquakes are relocated in depth fixing the horizontal location of the Global CMT solutions, as summarized in Table 2 .
In the resulting stacks, significant sdS signals are identified with the following criteria: (1) the slowness of the sdS phase is taken to be within ±0.1 s deg −1 from the theoretically estimated slowness, (2) the S/N is greater than 1.4, (3) the derived discontinuity depth is between 50 and 90 km depth and (4) the signal has a negative polarity with respect to sS phase. We define S/N = RMS 1 RMS 7 , where RMS 1 and RMS 7 are root mean square of amplitude with a time length of ±1 s and ±7 s from sdS peak, respectively. The waveform along theoretical estimations in relative slowness and relative traveltime of sdS with respect to sS was used to estimate the S/N; the theoretical reflector moveout is shown by a solid line in Fig. 4(c) . When a signal satisfies the criteria, the reflected depths are estimated by using the differential traveltime between sS and its precursors. The differential traveltime is determined by the time between two peaks of sS and its precursor in envelope functions of the PWS aligned to sS. For estimating depth uncertainties due to the determination of the differential traveltime, we define four differential times, T sS1 , T sS2 , T sdS1 and T sdS2 . The T sS1 and T sS2 represent differential times between the location taking 90 per cent of the amplitude of the sS peak and sdS peak. The T sdS1 and T sdS2 are of the sdS peak. The reading error of the differential traveltimes, T sS+sdS , is defined as,
) 2 . In envelope of the PWS stacks with a power factor of 3 employed in this study, T sS+sdS is typically 1.0-1.6 s. Using this value and the theoretical reflector moveout (solid line in Fig. 4c ), the depth uncertainty is derived. See more details for estimating reading error in Tanaka (2002) .
Seismic imaging of the discontinuity with ACFs
We examined seismograms of deep earthquakes using the same selection criteria mentioned previously, except for the period from 1995 July to 2010 December. From a total of 22 deep earthquakes, we chose seven events including the three same events used in the PWS (Table 3 ). The depths of these seven events are also relocated using the sS-S time estimated by the PWS. The broad-band stations used for the relocation are shown in Fig. 2(b) . We also used SH seismograms sampled at 20 Hz. The epicentral distances of the event-station traces are between 40
• and 98
• . Deconvolution is typically used to remove the source wavelet from the individual seismogram, and to standardize the waveforms among different events. However, in the case that other phases overlap with the main phase, the deconvolution process potentially can generate unwanted artefacts. To avoid these, we opted to simply calculate an ACF to retrieve precursors of sS. First, we handpicked the first motion of sS and defined a time window from −70 to 20 s from the handpicked arrival time for computing the ACF. If ScS arrives in this time window, we discard the trace. ACFs are calculated in the frequency domain with a bandpass filter of 0.01-0.3 Hz. Assuming that all earlier arrivals of sS are sdS phases reflected at discontinuities underneath the ocean floor, the ACFs are converted from time to the depth domain by using both the IASP91 and the ocean model. Due to the rarity of deep earthquakes in Izu-Bonin, we use a common reflection point stacking method rather than migration (Zheng et al. 2007 ). We gather individual ACF traces into a grid of 2 km (distance) × 2 km (depth).
The reflection points are under the Philippine Sea. We observed water reverberations in the slant stacks for the largest magnitude events, characterized by repetitive, polarity-inverted arrivals in time and with characteristic changes in slowness. We used these slant stack features to discard contaminating arrivals from this source. Fig. 4(c) shows the resulting stack aligned with positive-polarity sS. This figure shows a signal corresponding to s 66 S with negative polarity, shown in Fig. 4(b) . In addition to direct S and sS, we also observe a set of contaminating arrivals between −45 and −30 s that have higher slowness than sS, although they are not conclusively identifiable and possibly are water reverberations associated with pS. We thus obtained a total of four sdS phases from deep Izu-Bonin earthquakes for reflector depth estimation. As shown in Table 2 , the discontinuity's apparent depth is 50-70 km (46-66 km beneath the seafloor). The depth uncertainties, based on the differential traveltime uncertainties, are at most ±5 km ( Table 2 ). The reflection points of these four sdS phases are shown in Fig. 5 with comparisons to bathymetry (Smith & Sandwell 1997 ) and age of the Philippine Sea Plate (Müller et al. 2008 ). In the study area, ocean depths are roughly ∼4000 m and seafloor age is 20-40 Ma. The weighted mean discontinuity depth is 59.4 ± 3.1 km. Fig. 6 (c) shows a seismic image along A-A using 50 ACF traces. The 50 bounce points of sS used in Fig. 6 (c) are shown in Fig. 6(d) . This figure displays a coherent negative signal at depths of 60-70 km; 65-70 km depth at a distance of 80-150 km, 60 km depth at a distance of 200-350 km and 65-70 km at a distance of 350-450 km along. Another seismic image (Fig. 7) along B-B using 39 ACF traces displays a reflector at a depth of 60-70 km; 60 km depth at a distance of 180-400 km; and 70 km at a distance of 400-430 km. In Figs 7(c) and (e), the seismic velocity structure at distances of less than 180 km correspond to arc crust. Here, we confirmed that other phases, including sScS, pSKSac, sSKSac, pS and PS do not emerge as coherent signals at depths of 0-100 km in these images. Consequently, the discontinuity depths obtained in these images should be in good agreement with the depths estimated by the PWS (Figs 6e and 7e) .
R E S U LT S
We estimated the amplitude ratio of the discontinuity reflections for the best-recorded events from the envelope functions of linearly stacked event records. Values range from 0.030 to 0.089, and are tabulated in Table 4 . We reckon that the best estimate is from Event 4 with 67 waveforms contributing (Fig. 4 and Table 1), and will be used for further modelling described later. (Smith & Sandwell 1997) . Each colour indicates each events listed in Table 2 .
(b) Comparisons of sdS reflection points (X) at the discontinuities and the age of the oceanic plate (Müller et al. 2008) . The number shown around each beach ball corresponds to the number listed in Table 2 . Yellow X symbols are the same as X symbols in Fig. 5(b) . The number around each beach ball corresponds to the number listed in Table 3 . (e) Our interpretation of panel 6(c). Black points indicate the inferred sdS conversion depths and uncertainties (Table 2) , which are projected onto the profile. Right-hand panel represent a waveform stacking the ACFs used in panel 6(c). At depths greater than 100 km, pS and PS contamination is possible. Grey lines show standard error of stack. An arrow indicates a horizontally coherent negative phase. Broken line indicates the location of the negative polarity discontinuity. Table 2 for event information.
D I S C U S S I O N

Depth estimate uncertainties
For both the PWS and seismic images with ACFs obtained in our study, the depth of the derived discontinuity possibly varies with the following uncertainties in seismic velocity: (1) lower velocity anomalies within the mantle wedge at source side, (2) velocity structure above the discontinuity. Several tomographic studies report lower P and S wave speeds present in the mantle wedge under the Izu-Bonin region (e.g. Shito & Shibutani 2003; Miller et al. 2006) . In particular, Miller et al. (2006) shows a 2 per cent lower S wave velocity anomaly at depths of 100-300 km. This velocity reduction possibly affects the event relocation in our study, because upgoing-sS travels through the mantle wedge from the source, whereas downgoing-direct S does not. Although this affects corrected source depths by 2-6 km, the reflector depths, derived from differential times, are much less sensitive: <1 km for velocity reductions of 1-2 per cent. The key area of sensitivity is the depth interval between the seafloor and the reflector. At a depth of 40 km under the Philippine Sea, a surface wave tomographic study reports 2.4 per cent slower shear wave speeds in the area of cross-section A-A' (Fig. 6 ; Isse et al. 2009) . A 3 per cent velocity reduction leads to a 2 km shallower discontinuity. The locations of reflection points for the four deep earthquakes employed in the PWS are similar distance along the profile, but sample a broad range of points off of it. Their projected locations on the profile agree, within uncertainty, with the ACF imagery depths. This suggests that the same structure is being imaged beneath the plate, and that there are not substantial variations in shallow structure that affect it. Isse et al. (2009) observe a systematic increase in shallowmost wave speeds westward along a section similar to A-A which, if biasing our observations, would shift the discontinuity ∼2 km shallower towards the west. This is not apparent in our image. Consequently, we conclude that though the absolute depths to the reflector may be uncertain by up to 2 km, the lateral continuity and its variation is a real feature.
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Implications of lateral variation
The discontinuity we observe roughly corresponds in depth with the event seen by Kawakatsu et al. (2009) and Kumar & Kawakatsu (2011) under the Philippine Sea Plate that they attributed to the LAB, so we associate it with this structure as well. Fig. 8 shows the profile of the LAB reflection traced in the image shown in Fig. 6(c) , along with the bathymetry from Fig. 6(b) . The bathymetry in the east, from 0 to 350 km, is affected by the thickened arc crust. A half-space cooling model (Stein & Stein 1992 ) underpredicts the bathymetry (Fig. 8a) , so we fit the seafloor bathymetry between 350 and 600 km to determine the best-fitting zero age seafloor depth and adjust the curve accordingly. The quality of the fit suggests Figure 8 . Bathymetry, discontinuity topography and temperature along the profile depicted in Fig. 6(a) . (a) The bathymetry along the profile is partly due to thickened and uplifted arc crust in the eastern part of the profile. Predicted bathymetry from the known seafloor age is shown along the western portion of the profile using a half-space cooling model (Stein & Stein 1992, SS) , and adjusted to fit the bathymetry by changing the zero-age depth to 2800 m [SS (adj)]. (b) The reflector depth along the profile is shown along with the estimated temperature at the reflector depth. Half-space cooling model parameters are T m = 1350 • C, ρ m = 3330 kg m −3 , α = 3.1 × 10 −5 K −1 . Absolute temperatures T m are model dependent but variation at young ages is well described by a cooling half-space (Stein & Stein 1992) ; the lateral variations are the important discriminant in the study. The grey shading shows the part of the profile whose bathymetry fits a plate cooling model. The eastern part of the reflector profile does not show any correlation with temperature.
that bathymetry west of 350 km along the profile is described by the aging of the plate. The apparent LAB reflector depth is not correlated with the expected thermal structure, however. Using plate ages along the profile, we calculate the temperature at the depth of the reflector. The trend of increasing depth with decreasing temperature shown at positions >350 km is contradicted between 100 and 350 km, where the temperature also decreases but the reflector depth decreases, and then further increases.
The measured amplitude ratios yield constraints on the material properties at the discontinuity. Using SH reflection coefficients calculated from Aki & Richards (2002) , we make a grid search over density and velocity contrast values −10 per cent ≤ ρ ≤ +10 per cent and −20 per cent ≤ V s ≤ +20 per cent. The range of feasible values is wide, but plausibly restricted to those where densities below the discontinuity are equal to or higher than above to enforce stable stratification. The velocity contrast-density trade-off depends only weakly on density, requiring a shear velocity contrast of about −5.8 per cent at the discontinuity.
One possible explanation for the reflector that we see is that it is due to a solid-solid phase transition in the shallow mantle. The most probable one at around 60 km depth is the spinel to garnet peridotite transition in a generally pyrolitic mantle (Wood 1987) . Two features of the profile argue against this explanation. First, there is not a consistent depth-temperature trend such as would be expected from a phase transition characterized by a Clapeyron slope (Helffrich 2000) . Secondly, the spinel to garnet peridotite change replaces pyroxene+spinel with more dense garnet+olivine in the mineral assemblage, and therefore, would increase both density and wave speed, leading to a reflection polarity of the same sign as the surface reflection; yet it is opposite. Consequently, any solid-solid transition, and particularly the spinel-garnet peridotite seems excluded by our observations. Many deformation mechanisms in crystals, and particularly in olivine (the dominant shallow mantle mineral) are characterized by an Arrhenius dependence on temperature (Poirier 1985) . This dependence entails an exponentially rapid, nearly isothermal transition from one creep mechanism to another. Transition from one rheology to another, and thus development of a deformation fabric, would be closely related to an isotherm. If the reflector we observe were due to a change in olivine orientation, leading to an anisotropic change in wave speeds, it should similarly approximate an isotherm. For similar reasons to the solid-solid phase transitions, we can also exclude this explanation for the reflector.
Low velocities might be due to a change in the water content of olivine (Karato & Jung 1998) , but the velocity depression is not large for modest water contents and, in particular, relatively younger plates. Mao et al. (2010) report a 0.5 per cent V s reduction with incorporation of 0.9 wt. per cent H 2 O, but which decreases with pressure to depths corresponding to ∼100 km. Both the small initial value and its decrease with depth indicate that the olivine hydration state is not a factor contributing to the discontinuity that we observe. Kawakatsu et al. (2009) and Kumar & Kawakatsu (2011) reported a discontinuity beneath the Philippine Sea Plate and inferred it was due to the presence of oriented melt. We find a similar shear wave speed reduction as do those authors, and thus can appeal to a similar mechanism of velocity reduction: partially molten sublithospheric mantle. The mapping between melt fraction and a shear wave velocity contrast is model dependent. Kawakatsu et al. (2009) suggest it is 0.01-2 vol. per cent, and Tandon & Weng (1984) yield 0.02-7 vol. per cent depending on inclusion aspect ratio (1000:1-1:1). The estimates are compatible, and low melt fractions are clearly admissable, perhaps representing melt stalled in the shallow mantle when seafloor spreading stopped. However, the apparent topography on the discontinuity must be due to the distribution of melt, possibly due to variations in porosity or in the fabric that orients and traps the melt. How topography arises with this mechanism is unclear. In the study area, the plate has not underwent ridge jumps or other reorientations that could change its thermal or porosity structure (Fig. 5) . We speculate that lateral variations in melt density due to compositional differences might cause its neutral buoyancy level to vary.
C O N C L U S I O N S
We presented detections of a discontinuity underneath the Philippine Sea Plate using sS precursors. The resulting PWS analysis shows four sdS phases generated by bottom-side reflection at the LAB. These signals correspond to discontinuity depths of 50-70 km (59.3±3.1 km average) in seafloor of 20-40 Ma age and −4000 m in the bathymetry of the Philippine Sea Plate. Moreover, gathers of depth-migrated reflectivity with depth show a spatially coherent negative polarity signal at depths of 55-70 km. The depths estimated by using sS precursors depend on velocity structure above the discontinuities, which are uncertain by ±2 km and possibly regionally biased. The lateral variation of the discontinuity does not seem to be related to the thermal structure of the plate, and argues against phase transition models for the LAB or a thermally activated processes that defines it. To determine the absolute depth precisely in our study area, seismological approaches involving both 3-D velocity models within the Philippine Sea Plate and the effect of discontinuity dip will be required in future studies.
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